To investigate the contribution of amino acid residues to the enzyme reaction of Streptomyces phospholipase D (PLD), we constructed a chimeric gene library between two highly homologous plds, which indicated different activity in transphosphatidylation, using RIBS (repeatlength independent and broad spectrum) in vivo DNA shuffling. By comparing the activities of chimeras, six candidate residues related to transphosphatidylation activity were shown. Based on the above result, we constructed several mutants to identify the key residues involved in the recognition of phospholipids. By kinetic analysis, we identified that Gly 188 and Asp 191 of PLD from Streptomyces septatus TH-2, which are not present in the highly conserved catalytic HXKXXXXD (HKD) motifs, are key amino acid residues related to the transphosphatidylation activity. To investigate the role of two residues in the recognition of phospholipids, the effects of these residues on binding to substrates were analyzed by surface plasmon spectroscopy. The result suggests that Gly 188 and Asp 191 are involved in the recognition of phospholipids in correlation with the N-terminal HKD motif. Furthermore, this study also provides experimental evidence that the N-terminal HKD motif contains the catalytic nucleophile, which attacks the phosphatidyl group of the substrate.
To investigate the contribution of amino acid residues to the enzyme reaction of Streptomyces phospholipase D (PLD), we constructed a chimeric gene library between two highly homologous plds, which indicated different activity in transphosphatidylation, using RIBS (repeatlength independent and broad spectrum) in vivo DNA shuffling. By comparing the activities of chimeras, six candidate residues related to transphosphatidylation activity were shown. Based on the above result, we constructed several mutants to identify the key residues involved in the recognition of phospholipids. By kinetic analysis, we identified that Gly 188 and Asp 191 of PLD from Streptomyces septatus TH-2, which are not present in the highly conserved catalytic HXKXXXXD (HKD) motifs, are key amino acid residues related to the transphosphatidylation activity. To investigate the role of two residues in the recognition of phospholipids, the effects of these residues on binding to substrates were analyzed by surface plasmon spectroscopy. The result suggests that Gly 188 and Asp 191 are involved in the recognition of phospholipids in correlation with the N-terminal HKD motif. Furthermore, this study also provides experimental evidence that the N-terminal HKD motif contains the catalytic nucleophile, which attacks the phosphatidyl group of the substrate.
Phospholipase D (PLD, 1 EC 3.1.4.4) is a ubiquitous enzyme found in bacteria, fungi, plants, and mammals (1) . In mammals, PLD activity is markedly activated in response to a variety of signals, including hormones, neurotransmitters, and growth factors (2) . PLD products, phosphatidic acid (PA), are known to act as intracellular lipid second messengers and to be involved in multiple physiological events (3, 4) . PLD catalyzes two reactions: hydrolysis of phospholipids to produce PA and a free alcohol, and transphosphatidylation of phosphatidyl groups to various phosphatidyl alcohols (Fig. 1) . The transphosphatidylation reaction is very useful for the synthesis of rare natural phospholipids, such as phosphatidylserine, phosphatidylglycerol, and novel artificial phospholipids (5-7).
There are two distinct types of Streptomyces PLD; one is an iron-containing enzyme from Streptomyces chromofuscus, which is activated by Ca 2ϩ (8) , the other is a member of a superfamily, which includes cardiolipin synthases, phosphatidylserine synthases, poxvirus envelope proteins, a Yersinia murine toxin, and several endonucleases (9 -11) . All members of this superfamily contain one or two copies of the conserved HXKXXXXD (HKD) motif. On the other hand, the S. chromofuscus PLD does not contain the HKD motif (8) , but instead has a tightly bound iron that is necessary for catalytic activity (12) . In a previous enzymatic kinetic study, it has been proposed that PLDs in this family share a two-step mechanism involving nucleophilic attack by one of the histidines of the HKD motifs on the phosphodiester with formation of a phosphatidylhistidine intermediate accompanied by the release of a base, followed by an attack by water or an alcohol on the phosphohistidine intermediate to release PA or the transphosphatidylation product and regenerate free enzyme (13) (14) (15) (16) . Recently, a study on the crystal structure of the PLD from Streptomyces sp. PMF strain (PMFPLD), which contains two HKD motifs, with substrate supported the reaction mechanism of the PLD superfamily mentioned above and indicated that a histidine residue in the N-terminal HKD motif acted as the nucleophile that attacks the phosphorus atom of the substrate phospholipids (17) . The PMFPLD catalyzed its reaction through a covalent mechanism and a phosphatidylhistidyl intermediate, whereas S. chromofuscus PLD utilizes the direct attack of water or alcohol on the phosphorus atom (18) .
Previously, we have screened PLD-producing Actinomycetes species, and evaluated the activity of several PLDs. The PLD from Streptomyces septatus TH-2 (TH-2PLD) possessed two HKD motifs and showed the highest transphosphatidylation activity among them (19) . Although the primary sequences among Streptomyces PLDs showed high homology (identity of about 70%), these PLDs exhibited different activity in transphosphatidylation (20, 21) . Therefore, we hypothesized that other residues apart from the two HKD motifs are involved in the recognition of phospholipids. However, these residues have not yet been identified experimentally. In another study, we found two amino acid residues related to the thermostability of Streptomyces PLD containing HKD motifs using RIBS (repeat-length independent and broad spectrum) in vivo DNA shuffling. This system is a novel method of random chimeragenesis based on the combination of highly frequent deletion formation in the Escherichia coli ssb-3 strain with an rpsL-based chimera selection system (22) .
In this study, to investigate amino acid residues related to the PLD-catalyzed reaction, we constructed chimeras between TH-2PLD and PLDP from a distinct Streptomyces sp., which has been used extensively in transphosphatidylation reactions (5-7), using RIBS in vivo DNA shuffling, and compared chimeras in terms of activities. Furthermore, the effect of the identified amino acid residues on the recognition of phospholipids was analyzed by surface plasmon spectroscopy.
EXPERIMENTAL PROCEDURES
Materials-pETKmS2 (23) was kindly provided by Dr. Tsuneo Yamane, Nagoya University, Japan. Phosphatidyl-p-nitrophenol (PpNP) was prepared from soybean phosphatidic acid and p-nitrophenol according to the procedure of D'Arrigo et al. (24) . 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from Avanti and used without further purification. All the other chemicals were of the highest purity available.
The pldp Gene Synthesis-Hokkaido System Science synthesized the artificial pldp gene on the basis of the sequence described in Ref. 25 . We altered the gene by a silent mutation to facilitate its expression in E. coli. First, we altered several codons for Pro, Ser, and Arg at the third nucleotide to cytosine because the expression of the th-2pld gene including a codon for Ser with adenine or thymine at the third nucleotide in E. coli was unsuccessful. 2 We then added an EcoRI site and an NcoI site to the 5Ј-end of the gene, and added a BamHI site to the 3Ј-end to construct a vector for RIBS shuffling. Finally, the BamHI site in the wild-type pldp gene was deleted by silent mutation to construct the vector. The pldp fragment was cloned into the EcoRIBamHI gap of pUC19, and the resulting plasmid pUC19(pldp) was obtained.
Construction of Plasmids for RIBS in Vivo DNA Shuffling-The plasmids for RIBS in vivo DNA shuffling was constructed as detailed previously (22) . For RIBS in vivo DNA shuffling, a plasmid that contained the pldp and th-2pld genes cloned in tandem was constructed as follows. The pldp gene in plasmid pUC19 was digested with NcoI and BamHI, then the pldp gene was ligated into the NcoI-BglII gap of plasmid pACTIS4b (22) to obtain pACTIS4b(pldp). Next, the th-2pld gene in pBluescript was digested with EcoRV and BamHI, and the gene was ligated into the PmaCI-BamHI gap of plasmid pACTIS4b(pldp), yielding pACTIS4b(pldp/th-2pld). Then, the Gm r -rpsL ϩ cassette from pNC124 (22) was digested with KpnI, and the cassette was inserted into the KpnI site between the two pld genes in pACTIS4b(pldp/th-2pld) to construct pACTIS4b(pldp/Gm r -rpsL ϩ /th-2pld) ( Fig. 2A) . The resulting vector was used for RIBS in vivo DNA shuffling.
Random Chimeragenesis of PLD Genes-Two homologous genes (pldp and th-2pld) were placed in the same direction, and a cassette containing the Gm r and E. coli rpsL ϩ genes was inserted between them. rpsL ϩ encodes the ribosomal protein S12 (22) transformants from each host were cultivated in the LB medium containing chloramphenicol. Cultures were spread on LB plates containing chloramphenicol with streptomycin. Plasmids isolated from 48 selected Sm r revertants from each host were analyzed by agarose gel electrophoresis. The 1.6-kb DNA fragment containing the PLD gene on isolated plasmids was amplified by PCR using a GC-rich PCR system (Roche Applied Science) with primers corresponding to the coding regions of the pelB signal (5Ј-CGACCGCTGCTGCTGGTCTGC-3Ј) and His 6 tag (5Ј-TGGTGGTGGTGCTCGAGTGCGGC-3Ј). Recombination sites were mapped on the basis of the change in the pattern of the digestion of these fragments with several restriction endonucleases and determined in detail by DNA sequencing.
Construction of Expression Vectors of Chimera C and D Mutants-To identify the amino acid residues related to activities, we constructed chimera C and D mutants by PCR amplification. To prepare the mutants (C-1, C-2, and D-GD), the following three mutagenic sense primers, where the HinfI site (underlined) was substituted with a silent mutation, were synthesized, 5Ј-GGTGG(C3 A)ATCAACG(G3 A, Gly3 Asp)CTGGAAG-3Ј (corresponding to the chimera C gene, nucleotide (nt) 574 -594), 5Ј-GTGG(C3 A)ATCAACG(G3 A, Gly3 Asp)CTG-GAAGG(A3 C, Asp3 Ala)CGAC-3Ј (corresponding to the chimera C gene, nt 575-600), and 5Ј-GGTGG(C3 A)ATCAACG(A3 G, Asp3 Gly)CTGGAAGG(C3 A, Ala3 Asp)CGAC-3Ј (corresponding to the chimera D gene, nt 575-600), respectively. The target mutation was introduced with the primer sets of 5Ј-TTGTGGTGCTGCGCGTACGG-C-3Ј (a reverse primer, corresponding to the chimera C gene, nt 1314 -1334) and each of the mutagenic primers using the GC-rich PCR system. The partial pldp gene was amplified by PCR with a combination of a forward primer 5Ј-GCACCGAGGGCAACGCGCTGGA-3Ј (a forward primer, corresponding to the chimera C gene, nt 119 -140) and a reverse primer (5Ј-CGTTGAT(G3 T)CCACCGGTGATCACGC-3Ј for silent mutation of the HinfI site (underlined), corresponding to the nucleotide sequence from the chimera C gene, 563-586). The amplified DNA fragments were cloned into the T-vector pGEM-TEasy (Promega), and the resultant plasmids were confirmed by DNA sequencing. The plasmids representing C-1, C-2, and D-GD were digested with HinfI and BamHI. The plasmid containing HinfI site was digested with PstI and HinfI. The fragments were ligated into the PstI-BamHI gap of vector pACTIS4b chimera D to construct the expression vector.
To prepare the mutants (C-3, C-4, and C-5), the following three mutagenic antisense primers, where the ApaI site (underlined) was substituted with a silent mutation, were synthesized, 5Ј-GGC(C3 G)GGCCCGGTCAGCGCGAGGTC(GG3 GA, Ala3 Val)C GT-C(GG-T3 CGA, Thr3 Ser)CACCGGGTGGGAGGT(C3 G, Gln3 Asp)-TC-3Ј (corresponding to the chimera D gene, nt 588 -633), 5Ј-GGC(C3 G)GGCCCGGTCAGCGCGAGGTC(GG3 GA, Ala3 Val)CG-TC(GGT3 CGA, Thr3 Ser)-3Ј (corresponding to the chimera D gene, nt 603-633), and 5Ј-GGC(C3 G)GGCCCGGTCAGCGCGAGGTC(GG3 GA, Ala3 Val)CGTC-3Ј (corresponding to the chimera D gene, nt 604 -633), respectively. The target mutation was introduced with the primer sets of 5Ј-GCACCGAGGGCAACGCGCTGGA-3Ј (a forward primer, corresponding to the chimera D gene, nt 119 -140) and each of the mutagenic primers described above using the GC-rich PCR system. The partial th-2pld gene was amplified by PCR with a combination of a forward primer (5Ј-ACCGG(D3 G)CCCGCCGCCGGCTCCGCGGGC-3Ј for silent mutation of the ApaI site (underlined), corresponding to the nucleotide sequence from the chimera D gene, 624 -648) and a reverse primer (5Ј-TTGTGGTGCTGCGCGTACGGC-3Ј, corresponding to the complement of the chimera D gene, nt 1314 -1334). The amplified DNA fragments were cloned into the T-vector pGEM-TEasy (Promega), and the resultant plasmids were confirmed by DNA sequencing. The plasmids representing C-3, C-4, and C-5 were digested with PstI and ApaI. The plasmid containing ApaI site was digested with ApaI and AatII. The fragments were ligated into the PstI-AatII gap of vector pACTIS4b chimera D to construct the expression vector. 2 T. Hatanaka, personal data.
FIG. 1. Reactions catalyzed by PLD.

Recognition of Phospholipids in PLDConstruction of Inactive Mutants (C(H170A), C(H443A), C-2(H170A), and C-2(H443A)-
To investigate the effect of the identified residues on the recognition of phospholipids, independent of the two HKD motifs that are essential for catalysis, we constructed mutants in which the His 170 or His 443 of the N-or C-terminal HKD motifs of TH-2PLD was substituted with Ala. To prepare the mutants (C(H170A) and C-2(H170A)), the mutagenic gene was amplified by PCR with a combination of a forward primer (5Ј-CGACCGCTGCTGCTGGTCTGC-3Ј, corresponding to part of the pelB signal sequence) and a reverse primer (5Ј-CCGTCGACCACCAGCAGCTTGGCG(TG3 GC, His3 Ala)GTTC-3Ј (corresponding to the pldp gene, nt 528 -557). Then, the amplified DNA fragment was cloned, sequenced, and digested with BstXI and BamHI. The plasmid (pUC19(C) or pUC19(C-2)) was digested with PstI and BstXI. The fragments were ligated into the PstI-BamHI gap of vector pETKmS2PLDP to construct the expression vector.
To prepare the mutants (C(H443A) and C-2(H443A)), the mutagenic gene was amplified by PCR with a combination of a forward primer (5Ј-CCCTGCGCGCGCTCGTCGGCA-3Ј, corresponding to the th-2pld gene, 962-982) and a reverse primer (5Ј-ACCAGCTTGTGG(TG3 GC, His3 Ala)CTGCGCGTACG-3Ј (corresponding to the th-2pld gene, nt 1316 -1340). Then, the amplified DNA fragment was cloned, sequenced, and digested with BglII and Van91I. The plasmid (pUC19(C) or pUC19(C-2)) was digested with BglII and Van91I. The fragment was exchanged for the homologous region of the subcloned chimera C or C-2 gene. The resultant mutant genes were digested with NcoI and BamHI. The fragment was ligated into the NcoI-BamHI gap of vector pETKmS2.
Expression and Purification of PLDs-E. coli BL21-Gold(DE3) (Invitrogen) was transformed with PLD expression plasmids. Expression was carried out according to a method described previously (26) in the presence of appropriate antibiotics (chloramphenicol (50 g/ml) and kanamycin (50 g/ml) for strains harboring plasmids obtained from the random chimeragenesis and plasmids derived from pETKmS2, respectively) except for the addition of premixed protease inhibitor tablet Complete TM , Mini, EDTA-free (Roche Applied Science) at the induction period (one tablet per culture). Cultures were centrifuged for 60 min at 3,500 ϫ g. The culture broth was concentrated with an ultrafiltration device using Amicon Ultra (Millipore, 30-kd cut), and dialyzed against 20 mM Tris-HCl (pH 8.0). His-tagged PLDs were purified using Magextractor-His Tagg (TOYOBO). The purified PLDs were dialyzed against 10 mM acetate buffer (pH 5.5).
Gel Electrophoresis of Proteins-SDS-PAGE was performed by the method of Laemmli (27) using a 15% acrylamide gel. The molecular weight markers (Amersham Biosciences) included phosphorylase b, albumin, ovalbumin, carbonic anhydrase, trypsin inhibitor, and ␣-lactalbumin. Proteins on the gels were stained with Coomassie Brilliant Blue R-250 (Bio-Rad) and destained with water.
Assay for PLD Activities using PpNP-Hydrolytic activity was determined based on the hydrolytic activity of PpNP. The procedure was similar to the method described previously (20) . PLD-catalyzed transphosphatidylation activity was determined by measuring the production of p-nitrophenol from PpNP and ethanol according to the method that used a biphasic system consisting of benzene and water as described previously (20) . One unit of PLD was defined as the amount of the enzyme that released 1 mol of p-nitrophenol per minute under the assay conditions. PLDs used in this study showed both hydrolysis and transphosphatidylation activities in the absence of Ca 2ϩ . The kinetic assays for both activities were carried out as described previously (20) . In the assay of hydrolytic activity, the reactions were carried out in 1.5-ml cuvettes; the 1-ml reaction mixture consisted of PpNP at final concentrations ranging from 0.11 to 2 mM in 0.1 M acetate buffer (pH 5.5) and the purified PLDs. In the assay for transphosphatidylation activity, the reactions were carried out in 1.5-ml sample tubes; the 400-l reaction mixture consisted of PpNP at a final concentrations ranging from 1.8 to 20 mM, and ethanol at final concentration of 500 mM, in an emulsion containing benzene and acetate buffer (pH 5.5). The purified PLDs (200 ng) were used in the assay.
Thin Layer Chromatography (TLC)-Another enzyme assay for PLDcatalyzed transphosphatidylation was performed by TLC using 10 mM PpNP or POPC as the substrate. The reaction conditions were similar to those mentioned above except for the use of acetate buffer (pH 5.5) containing 4 mM CaCl 2 . After centrifugation, the organic layer of the reaction mixture was applied to a TLC plate (60 F 254 , Merck) and developed with chloroform/methanol/water (30:10:1, v/v). Lipids on the TLC plate were detected by spraying with 5% sodium phosphomolybdate/ethanol solution. Then, the plate was dried and scanned. The intensity of the spot corresponding to phosphatidyl ethanol (PEtOH) was analyzed using Scion Image software. The relative activity of PLD was calculated as chimera C-2 activity toward PpNP or POPC.
Preparation of Vesicles-An appropriate aliquot of POPC dissolved in chloroform was evaporated and further dried under a vacuum for at least 3 h. The lipid was hydrated at a concentration of 10 mM in phosphate-buffered saline. Then, the lipid suspensions were vortexed vigorously and frozen and thawed 10 times in liquid nitrogen. The multilamellar vesicles (MLVs) were passed 30 times through polycarbonate membranes (50 nm pore diameter) using a Lipofast extruder (28) (Avestin), to obtain small unilamellar vesicles (SUVs).
Surface Plasmon Resonance (Biacore)-Real time interaction between PLD molecules and phospholipids were measured using a Biacore instrument (BIAcore 2000, Biacore AB). Liposomes were captured onto the surface of a Sensor Chip L1 (Biacore AB). The surface of the L1 sensor chip was first cleaned with 20 mM CHAPS at a flow rate of 5 l/min followed by the injection of SUVs (60 l, 0.5 mM lipid concentration) at a flow rate of 2 l/min in buffer A (10 mM sodium acetate, pH 5.5, 4 mM CaCl 2 ), which resulted in the deposition of ϳ7000 -8000 resonance units. To measure the association of PLDs with lipids, purified chimera C or C-2 (79 -266 nM diluted in buffer A) was applied to the captured SUVs at a flow rate of 20 l/min. After binding of PLDs to phospholipids, the dissociation process was observed at the same flow rate for 10 min. The evaluation of the kinetic parameters for PLD binding to lipids was performed by nonlinear fitting of binding data using the BIA evaluation 4.1 analysis software. The apparent association (k a ) and dissociation (k d ) rate constants were evaluated from the differential binding curves (sample control) as shown in Fig. 7 assuming an A ϩ B ϭ AB association type for the protein-lipid interaction. The affinity constant K D was calculated from the equation
Circular Dichroism (CD) Spectroscopy-The secondary structures of PLDs were determined by CD spectroscopy using a J-720WI spectrometer (Jasco). Proteins were dissolved to a final concentration of 0.05 mg/ml in 10 mM acetate buffer (pH 5.5). Spectra were acquired at 25°C using a 1-cm cuvette. Molar ellipticities (per residue) were calculated using the equation [] ϭ 100()/(lcN), where [] is the molar ellipticity per residue, () is the observed ellipticity in degrees, l is the optical pathlength in centimeters, c is the molar concentration of the protein, and N is the number of residues in the protein.
Statistical Analysis-All statistical evaluations were performed by an unpaired Student's t test or analysis of variance (ANOVA). All data are presented as means Ϯ S.D. of at least three determinations.
RESULTS
Construction of Chimeric PLDs-
The chimeric pld genes were obtained when the plasmid pACTIS4b ( Fig. 2A) for RIBS in vivo DNA shuffling was transformed into the ssb-3 mutant. The recombination sites were widely distributed over the entire chimeric pld gene except for in the N-(1-283) terminal region. We chose eight typical chimeras having a recombination site in each restriction mapping region (Fig. 2B) , and carried out the expression of the genes and purification of the protein products. The molecular weight of purified PLDs analyzed by SDS-PAGE was ϳ57 kDa, which coincided with the calculated value (56.5 kDa) (Fig. 2C) .
Comparison of Activities for Chimeric PLDs-To determine the region related to hydrolysis and transphosphatidylation reactions, we first analyzed the specific activities of two parental and eight chimeric PLDs (Fig. 3, A and B) . Although chimeras A, B, C, and H had high transphosphatidylation activities similar to that of TH-2PLD, those of chimeras D-G had much lower activities than that of TH-2PLD (Fig. 3B, upper) . Among the chimeric PLDs examined, chimera C had the highest transphosphatidylation activity. Interestingly, the transphosphatidylation activity of chimera C was significantly different from that of chimera D (Student's t test; p Ͻ 0.01), despite these two chimeras exhibiting equivalent hydrolytic activity (Student's t test; p Ͼ 0.05). A similar significant difference in activity was observed between chimera G and H. In this study, we first focused the difference between the activities of chimera C and D.
Identification of Amino Acid Residues Related to Activities-In the primary structure, chimera C differed from chimera D in six residues (Fig. 4A ). This suggests that some of these residues are related to the difference in activities. Therefore, we constructed five chimera C mutants (from C-1 to C-5, the primary sequence of which is presented in Fig. 4A ), and estimated their activities. The transphosphatidylation activity of each chimera C mutant was considerably decreased in comparison to their hydrolytic activity (Fig. 4B) . This result suggests that Gly 188 contributes to the increase in transphosphatidylation activity. It should be noted that mutant C-2 had the lowest transphosphatidylation activity, whereas it had the highest hydrolytic activity among these mutants. Chimeras C and C-2 differed in two amino acid residues, residues 188 and 191. From these results, we assumed that Gly 188 and Asp 191 of TH-2PLD were related to the transphosphatidylation activity. Furthermore, we constructed chimera D mutant, in which these two residues were substituted (D-GD) (Fig. 4A) . The transphosphatidylation activity of D-GD was 3-fold higher than that of chimera D (Fig. 4B) . This result supported the assumption that Gly 188 and Asp 191 of TH-2PLD were key amino acid residues related to the transphosphatidylation activity.
The Kinetic Analysis of PLD Activities-The effect of the PpNP concentration on the transphosphatidylation and hydrolytic activities of PLDs is shown in Fig. 5 . In the transphosphatidylation activity assay, the reaction velocities of chimera C and TH-2 rose with the increase in PpNP concentration. These two enzymes exhibited similar K m and k cat values (Table  I) . On the other hand, the reaction velocity of chimera C-2 slightly increased at low PpNP concentration, but decreased at high concentration. The K m and k cat values of chimera C-2 were a tenth and a sixth of those of chimera C, respectively. Inversely, the reaction velocity of chimera C-2 was higher than that of C for all concentrations of PpNP in the hydrolysis reaction (Fig. 5B) . The K m value of C-2 was lower than that of C, and the k cat value was the highest.
Transphosphatidylation Activity of PLDs toward Natural Substrate-Natural substrates such as POPC have polar heads with properties different from those of PpNP, although POPC and PpNP similarly have a long chain of fatty acids. To evaluate the transphosphatidylation activity of chimeras C and C-2 toward natural substrates, we carried out TLC using POPC (Fig. 6 ). In comparison with synthesized PEtOH, chimera C converted PC to PEtOH ϳ6-fold higher than chimera C-2 (Student's t test; p Ͻ 0.001). On the other hand, chimera C converted PC to PEtOH ϳ10-fold higher than chimera C-2 (Student's t test; p Ͻ 0.0001) in the presence of PpNP, and this result corresponded to that shown in Fig. 4B . These results suggest that chimeras catalyze the conversion of natural substrates that is comparable to that of synthetic substrate. SPR Analysis of PLDs-To estimate the effect of the identified residues on the association with natural substrates, we analyzed the binding profiles of C and C-2 on POPC vesicles using surface plasmon spectroscopy. Overlaid sensorgrams (Fig. 7A ) of chimeras C and C-2 at 178 nM binding to different particle sizes of POPC (SUVs and MLVs) were obtained when chimeras were passed over the immobilized POPC vesicles at a flow rate of 20 l/min. The maximal responses measured for PLD associations with POPC are shown in Fig. 7B . Chimera C exhibited significant interaction with the SUVs of POPC when compared with chimera C-2 (Student's t test; p Ͻ 0.05), whereas there was no significant difference between C and C-2 with MLVs of POPC (Student's t test; p Ͼ 0.05). Therefore, we carried out SPR analysis with SUVs of POPC.
Interaction of PLDs and POPC Vesicles- Fig. 8, A and B show overlaid sensorgrams demonstrating the interactions between captured POPC vesicles and different concentrations of chimeras C and C-2 (from 266 to 79 nM). The associations of chimeras C and C-2 with POPC vesicles are summarized in Fig.  8C . For both chimeras C and C-2, the association showed a dose-dependent increase. Chimera C exhibited a significantly higher interaction than C-2 at all concentrations (ANOVA; p Ͻ 0.0001-0.01). The values of k a , k d , and affinity constant K D were calculated from each sensorgram, and the averages of each parameter represent the kinetic parameters of chimeras C and C-2 (Table II) . The association rate constants (k a ) were 2.97 ϫ 10 5 M Ϫ1 s Ϫ1 and 2.82 ϫ 10 4 M Ϫ1 s Ϫ1 for chimeras C and C-2, respectively. The dissociation rate constants (k d ) were 5.56 ϫ 10 Ϫ5 s Ϫ1 and 1.80 ϫ 10 Ϫ4 s Ϫ1 for chimeras C and C-2, leading to affinity constants (K D values) of 2.04 ϫ 10 Ϫ10 and 1.47 ϫ 10 Ϫ8 M, respectively. The affinity constant of chimera C was lower than that of C-2 by 2 orders of magnitude. Hence, chimera C bound to POPC with high affinity compared with C-2.
Folding of Chimera C, C-2, and Inactive Mutants-To confirm the folding of chimeras C, C-2, and their inactive mutants (C(H170A), C(H443A), C-2(H170 A), and C-2(H443A)), their CD spectra were measured. As shown in Fig. 9 , the CD spectra showed that all the inactive mutants were folded with secondary structures similar to those of chimeras C and C-2. Chimeras C and C-2 had high activities (Fig. 4) , whereas each of the inactive mutants had no detectable activity (data not shown).
Comparison of Affinities of Inactive Mutants toward POPC Vesicles-To compare the association of the inactive mutants a The transphosphatidylation assay of TH-2, C, and PLDP was performed with 1.8 -20 mM PpNP at pH 5.5. For C-2, transphosphatidylation assay was performed with 2.2-3.5 mM PpNP.
b The hydrolysis assay of PLDs was carried out with 0.06 -2 mM PpNP at pH 5.5. Data are expressed as means Ϯ S.D.
FIG. 6. TLC of PLD-catalyzed transphosphatidylation.
The reaction was performed for 10 min using 10 mM PpNP or POPC with 4 mM CaCl 2 present in acetate buffer (pH 5.5). The relative activity of PLD was then determined by measuring the intensity of the spot corresponding to phosphatidylethanol using Scion Image software, and indicated as chimera C-2 activity toward POPC or PpNP. The relative activity of chimera C was significantly different from that of chimera C-2 toward POPC and PpNP. *, p Ͻ 0.001; **, p Ͻ 0.0001, calculated by Student's t test.
FIG. 7. Quantitative biosensor analysis of PLD interactions with different sized POPC vesicles.
A, overlay plots of chimeras C and C-2 at 178 nM binding to POPC vesicles (SUV and MLV) obtained when C or C-2 were passed over the POPC vesicles immobilized on a sensor chip L1 at a flow rate of 20 l/min. B, bar graph represents the maximal responses measured for specific PLD associations with POPC (SUVs and MLVs). Each value represents the mean Ϯ S.D. from three independent experiments. Chimera C induced significant interaction with POPC vesicles (SUVs) when compared with chimera C-2. *, p Ͻ 0.05; calculated by Student's t test). There was no significant difference between chimera C and C-2 with MLVs of POPC. N.S., p Ͼ 0.05, calculated by Student's t test.
toward POPC vesicles, we analyzed the binding profiles by surface plasmon spectroscopy. Overlaid sensorgrams of the mutants (C(H443A), C-2(H443A), C(H170A), and C-2(H170A)) are superimposed in Fig. 10A , and the association values are summarized in Fig. 10B . The injection of 0.79 M C(H443A) resulted in a binding signal of 208 RU, whereas the association of C-2(H443A) was significantly (p Ͻ 0.05) lower (126 RU). There was no significant difference between C(H170A) and C-2(H170A). The association values of these mutants were lower than those of chimeras C and C-2 by ϳ1-2 orders of magnitude. This result suggested that the histidine residues in HKD motifs are essential for catalysis, and Gly 188 and Asp 191 of TH-2PLD play a role in correlation with the N-terminal HKD motif in reactions. Interestingly, C(H443A) bound to POPC with 2.4-fold higher affinity compared with C(H170A). This suggested that the N-terminal HKD motif of PLD functions as the nucleophile that attacks the phosphorus atom of the substrate phospholipids.
DISCUSSION
Recently, the reaction mechanism of PLD has been researched extensively, and the role of the HKD motifs in the enzyme reaction was described. However, residues other than those in the HKD motifs that are related to PLD-catalyzed activities have not yet been identified experimentally. Therefore, we constructed a chimeric gene library between two PLDs that exhibited different activity in the transphosphatidylation reaction, by RIBS in vivo DNA shuffling (22) . The success of chimeragenesis for Streptomyces PLDs verified the advantage of the application of this system to cytotoxic targets such as PLD. Moreover, chimera pld genes obtained from this system could be expressed easily and applied directly to functional studies (Figs. 2 and 3) . Because the two parental pld genes used in this study, th-2pld and pldp, are 76% homologous in DNA sequences, the pld genes are suitable for chimeragenesis.
We investigated the difference in transphosphatidylation activity between chimeras C and D, and Gly 188 and Asp 191 of TH-2PLD were determined to be the key residues related to the activity. Chimeras C and C-2 differed in these two residues (Fig. 4A) . They exhibited considerably different transphosphatidylation activities, despite their similar hydrolytic activities. We also confirmed that chimeras C and C-2 were not denatured by organic solvents, such as benzene, which was used in our transphosphatidylation assay (data not shown), and they were folded with similar secondary structures (Fig. 9) . We consider that this discrepancy was caused by substrate formed by two different reaction systems. In a previous study, the transphosphatidylation reaction catalyzed by Streptomyces PLD with two HKD motifs was influenced by the structure of substrate aggregates (29) . The substrate specificity and sensitivity to interfaces of PMFPLD were examined with a variety of phospholipids (18) . PLD exhibited good activity toward monomeric short chain lipids, whereas it exhibited lower activity toward PC packed in vesicles compared with PC dissolved in mixed micelles. Chimeras C and C-2 may also be sensitive to substrate form. That is to say, in the hydrolysis reaction, both chimeras C and C-2 reacted easily to monomeric and micellar substrates, although in the transphosphatidylation reaction, C-2 reacted hard to emulsified substrates. In fact, there was no discrepancy in the results of SPR analysis; the difference in chimeras C and C-2 in the interaction to substrate was slight using larger vesicles and more pronounced using smaller ones (Fig. 7) . Under the conditions of SPR analysis using SUVs, these differences in reactivity were manifested in the affinity for neutral substrate. A comparison of the binding kinetics of chimeras C and C-2, showed that the K D value of C was smaller than that of C-2 by 2 orders of magnitude (2.04 ϫ 10 Ϫ10 M, Table II) . From these results, Gly 188 and Asp 191 of TH-2PLD were determined to play an important role in recognizing phospholipids. Leiros et al. (30) solved the tertiary structure of PMFPLD as the first crystal structure of PLD. They revealed that the PLD consisted of 18 ␣-helices and 17 ␤-sheets, with the overall structure being an ␣-␤-␣-␤-␣-sandwich structure. The two HKD motifs were opposed, forming an active well. By comparing the activities of chimeras, their results suggested that two regions, residues 188 -203 and 425-442 of TH-2PLD, are related to the transphosphatidyl activity (Fig. 3) . Based on the crystal structure of PMFPLD (30) , residues 188 -203 and 425-442 of TH-2PLD are present in the two flexible loop regions between ␤7 and ␣7 (residues 188 -203) and between ␤13 and ␤14 (residues 425-442) and are face-to-face in the domaindomain interface and the regions located at the entrance of the active well formed by the two HKD motifs (Fig. 11A) . We consider that the two regions may be the entrance gate for phospholipid substrates.
The local environment around the key residues (Gly 188 and Asp 191 of TH-2) is shown in Fig. 11B . The residue Asp 191 was located at the entrance of the predicted pocket for recognition of phospholipids, and exposed to a solvent. When residue Asp 191 was substituted with the uncharged amino acid residues Ala or Asn on TH-2PLD, the transphosphatidylation activity was reduced to less than half that of wild-type TH-2PLD. In particular, the mutant substituted with the basic amino acid residue Lys showed a marked decrease in the transphosphatidylation and hydrolytic activities (data not shown). On the other hand, residue Gly 188 was located inside the pocket for recognition of phospholipids. When residue Gly 188 was substituted with Asp on TH-2PLD, the transphosphatidylation activity was reduced to less than half that of TH-2PLD, although their hydrolytic activities were similar (data not shown). These residues were distant from the two histidine residues of the HKD motifs (ϳ11-20 Å). These results suggest that residues Gly 188 and Asp 191 contribute to the transphosphatidylation reaction, although they do not directly affect the histidine residues of the HKD motifs. Very recently, Aikens et al. (31) characterized an interaction between PMFPLD and phospholipids by computer analysis using the automated docking program, AutoDock. They showed that a second residue of PA, phosphatidylethanolamine, or phosphatidylserine was occasionally bound to a slightly negatively charged surface composed of Pro 87 Furthermore, we determined that the two residues play a role in correlation with the N-terminal HKD motif in reactions by SPR analysis using inactive mutants (Fig. 10) . In a previous study, it was determined that the reaction of PLD proceeds via two-step nucleophilic substitutions. The first step involves the formation of a phosphatidyl-enzyme intermediate, and the second involves hydrolysis of the intermediate. It was discussed which of the histidine residues in the two HKD motifs contains the catalytic nucleophile. Leiros et al. (17) showed that His 170 in the N-terminal HKD motif of PMFPLD acted as an initial nucleophile that attacked the phosphorus atom of the substrate based on the crystal structures of PMFPLD interacting with short chain phospholipids and PLD products. The results of this study exhibited that chimera C mutant, in which the His 443 of the C-terminal HKD motif was substituted with Ala, showed higher affinity to substrate than the mutant in which the His170 of the N-terminal HKD motif was substituted with Ala ( Fig. 10 ). This agrees with the previous study indicating which histidine residue in the N-terminal HKD motif of PMF-PLD involves the catalytic nucleophile. The two residues we identified may not be able to bind to phospholipids unless the phosphatidyl-enzyme intermediate is formed.
In the future, we will investigate the residues related to activities for another region, residues 425-442 of TH-2PLD. Based on the obtained information, we will create a PLD with high transphosphatidylation/hydrolytic activity. This is useful for the synthesis of phospholipid derivatives from low cost compounds such as phosphatidylcholine for the pharmaceutical and food industries.
